The breakdown of sucrose to feed both hexoses into glycolytic carbon flow can occur by the sucrose synthase pathway. This uridine diphosphate (UDP) and pyrophosphate (PPi)-dqpendent pathway was biochemically characterized using soluble extracts from several plants. 
We have been searching for the roles of two cytoplasmic PFKs2 and for the roles of pyrophosphate in plant metabolism. Because one plant PFK is PPi-dependent and the other ATP-dependent, one role of PPi was to be an alternative to ATP in plant glycolysis at the step converting Fru 6-P to Fru 1,6-P2 (4, 5, 23) . The PPi-PFK is readily reversible so that it also can produce PPi. In addition, both PFKs are present in the same organ or tissue, apparently throughout the higher plant kingdom (5, 19) . Hence, what are the roles of two cytoplasmic PFKs? In studying both PFKs in various plant tissues, it was shown that sucrose-importing plant tissues, i.e. plant sucrose sinks, have elevated levels of the PPi-PFK (1, 22, 30) . Thus it was recognized that the PPi-PFK in the 'This research was supported by the National Science Foundation through grant DMB 84-06331 and partially by the U.S. Department of Energy ERD 12-11-008-876. 2Abbreviations: PFK, phosphofructokinase. reverse direction could produce PPi to drive sucrose breakdown through UDP-glucopyrophosphorylase. The pyrophosphorolysis of UDP-glucose was proposed several decades ago (14, 18) but never supported experimentally. At that time, and for many years, evidence for the presence of the key substrate, PPi, was missing; however, substrate level amounts of PPi were measured in corn, pineapple (21) , and peas (13, 21) in 1984 and now PPi has been measured in many plants. Furthermore,' in our work and from the plant literature (10, 16, 20, 27) , it was recognized that the ATP-dependent PFK may use other nucleotide triphosphates, e.g. UTP. From these considerations the sucrose synthase pathway for sucrose breakdown (1, 3, 25, 30) was proposed as outlined on the right portion of Figure 1 . A fairly similar pathway is sketched on the left portion of Figure 1 , but alternatively using fructokinase to cycle uridylates, which was proposed independently from work with sycamore cells cultured on sucrose (17) . Both schemes employ the PPi-PFK to produce PPi. Also it was proposed (24) that sucrolysis and sucroneogenesis are terms that convey the actual situation in plant intermediary sugar metabolism because plant cells are fed sucrose and export sucrose (not glycogen and glucose).
Sucrolysis via the sucrose synthase pathway as diagramed in Figure 1 has several unique features. First, it employs and links both of the cytoplasmic PFKs in a cycle, internal to intermediary sugar metabolism, that can produce UDP and PPi. Then, by linking sucrose cleavage to both UDP and PPi, by sucrose synthase and UDP-glucopyrophosphorylase, respectively, an efficient cycling of uridylates and of PPi occurs (25) . Alternatively (17) , uridylates may cycle via fructokinase (also indicated in Fig. 1 ). By these cycles plants can conserve the glycosidic bond energy of sucrose. Thus, energetically the sucrose synthase pathway requires only one net NTP equivalent to break sucrose down to two hexose-P molecules while the classical invertase breakdown requires two NTPs (17, 25) . The pathway also employs the PPi-PFK which is the most sensitive site of Fru 2,6-P2 regulation known in plants (1) (2) (3) 29) . Therefore, the breakdown of sucrose in the cytoplasm of plant cells can be controlled partially by Fru 2,6-P2 at this insensitive site internal to sugar metabolism.
An axiom of plant biology is that "plants feed themselves sucrose!" Traditionally, a dominant idea has been that invertase is the cleavage reaction used by plants to feed themselves sucrose for energy and for nonstructural carbon, while sucrose synthase supplies nucleotide sugars for structural carbon plus fructose for metabolism (16, 20, 27) . However, the sucrose synthase pathway adds an alternative path for sucrose feeding Figure 1 . Sucrolysis via the sucrose synthase pathway. This pathway was proposed independently (17, 25) with a cycle for PPi involving its utilization by UDP-glucopyrophosphorylase and its synthesis by the PPi-dependent PFK and a uridylate cycle with sucrose synthase utilizing the UDP and altematively the NTP-PFK forming UDP (25) or the NTP-fructokinase forming UDP (17) with UDP-glucopyrophosphorylase synthesizing UTP. The pathway requires one-half the energy of invertase sucrolysis to feed both hexoses into sugar phosphate metabolism. To produce two hexose-P molecules, when cycling uridylates by the NTP-PFK, one UTP is needed or, when cycling by the NTP-FK, one PPi is needed. directly into hexose-P which can be substantial, particularly in active sucrose importing tissues (24, 25, 30, 31) . The objectives of this report are to characterize and to present additional experimental evidence in support ofthe hypothesis that the sucrose synthase pathway is an alternative set of reactions to invertases, which plant cells employ to feed sucrose directly into glycolytic carbon flow (1, 17, 25) . Data will be presented (a) on the biochemical characteristics of the sucrose synthase pathway, (b) on the stoichiometry and on the cycling of UDP and PPi in this sucrose metabolism sequence, (c) on the nucleotide triphosphate specificity in plant sugar metabolism, (d) on roles for both the PPi and the NTP-dependent PFKs in the plant cell cytoplasm, (e) on the breakdown of sucrose to triose-P, characterizing this sequence of reactions including its activation by Fru 2,6-P2, and finally (f) a primary role for the sucrose synthase pathway will be illustrated during sucrolysis in sucrose sink tissues and organs.
MATERIALS AND METHODS

Plant Material
The plants used in these studies all were grown under good cultural conditions, usually in field plots, such that they were visually healthy and vigorous.
Extraction of Potato Tubers and Lima Bean Seeds
Freshly harvested plant (Solanum tuberosum L. and Phaseolus lunatus L.) materials were powdered in liquid N2 with a mortar and pestle and extracted (3:1; volume:weight) with 100 mm Hepes/NaOH (pH 7.5), 5 mM DTT, 2 mm Mg acetate, 1 mM EDTA Na2, 2% insoluble PVP, and 2% Dowex-1 chloride form. They were ground with Ottawa sand. The homogenates were passed through one layer of Miracloth and then centrifuged at 35,000g for 20 min at 4C. The supernatant was sometimes analyzed as a crude extract. Generally, the supernatant was fractioned with 30 to 70% (NH4)2SO4, and the pellet was dissolved in elution solution. All extracts were desalted through a Sephadex G-25 column with an elution solution that contained 10 mM Hepes/NaOH (pH 7.5), 2 mm DTT, and 5 mm Mg acetate. All assays were done within 6 h after extraction. The (NH4)2SO4 fractionation was carefully checked for recovery of enzyme activity, which generally was over 75%; note that enzymes in some plants fractionated differently, and we will point these out in the text with specific studies.
Extraction of Loblolly Pine Root Cambial Tissue
The root vascular cambium of loblolly pine (Pinus taeda L.) was obtained by first peeling the bark from the main tap root, next rapidly scraping the inner cambium tissues offwith a razor onto weighing paper or a weighing dish, then quickly measuring the scraping fresh weights and placing them in liquid N2. Usually 8 to 10 seedling tap roots were scraped to obtain a single combined vascular cambium zone extract. A careful effort was made to harvest and extract tissues between 10 AM and 12 noon to minimize variations due to diurnal changes in enzymes activity.
To prepare pine root enzyme extracts, the tissues were freshly harvested, powdered, and homogenized in liquid N2 with a mortar and pestle. The extraction solution contained 200 mm Hepes/NaOH (pH 7.5), 3 mM Mg acetate, 5 mM DTT, 10% (v/v) glycerol, and 2% (w/v) insoluble polyvinylpyrrolidone. The ratio of tissue fresh weight (g) to extraction solution (mL) was either 1:5 or 1:3 in various tests. The homogenate was passed through one layer of Miracloth and centrifuged at 34,000g for 20 min at 4C. Subsequent (NH4)2SO4 fractionation was as described above; again note that some enzymes fractionated differently as we will cite in the text experiments.
Assays for Enzymes and Sucrose Breakdown Sequences
The standard assay solution to study the sequence ofsucrose breakdown to Glu 1-P contained in 1 mL: 50 mM sucrose, 1 mM UDP, 1 mm PPi, 1 mm NAD, 2 units of phosphoglucomutase, and 1 unit of the NAD-utilizing Leuconostoc Glu 6-P dehydrogenase as described by Xu et al. (30) . Two endogenous plant enzymes were involved in this multienzyme assay, i.e. sucrose synthase and UDP-glucopyrophosphorylase. Since UDP-glucopyrophosphorylase activities usually were over 1 unit/mg protein in plant extracts, basically the limiting activity measured was sucrose synthase. If UDP-glucopyrophosufI-.
(NDP) Energy Required For Sucrolysis:
2 Fru6-P: 1 UTP OR 1 PP1 phorylase was less than 1 unit in an extract, we routinely added 1 unit of a commercial enzyme. Sucrose breakdown to triose-P and its activation by Fru 2,6-P2 was done as described earlier (30) . The assays for PPi-PKF and NTP-PFK were conducted according to Smyth et al. (22, 23) taking care to assay for the cytoplasmic NTP-PFK at pH 8.0 where the plastid form has little activity. Fru 2,6-P2 at 1 AM was routinely used to activate PPi-PFK. The standard assay solution contained 100 mm Hepes/NaOH (pH 7.5), 2 mm Mg acetate, 5 mM DTT, 20 ,uM Glu 1,6-P2. Fructokinase and glucokinase were assayed by coupling hexose-P formation through the Leuconostoc NAD-utilizing Glu 6-P dehydrogenase. All standard assays were done at 25°C and pyridine nucleotide levels were measured at 340 nm with a Beckman DU-7 spectrophotometer.
RESULTS AND DISCUSSION To test sucrose breakdown by the sucrose synthase pathway, several assays covering segments in the pathway were set up, such as sucrose to Glu 1-P or sucrose to triose-P, which assay parts of the pathway (30; Fig. 1 ) including the synthesis and the cleavage of Fru 1,6-P2. First, some characteristics of these assays will be presented, followed by studies on the NTP specificity of the kinases in Figure 1 , then UDP and PPi stoichiometry and cycling will be tested, and work on the general distribution and possible function of the sucrose synthase pathway in certain plants will be presented.
Sucrolysis to Glucose 1-P By the sucrose synthase pathway in Figure 1 the formation of Glu PPi,gM 29 ± 6 27 33 a Potato tubers were developing, freshly harvested, and weighed less than 50 g fresh weight each.
b Uma bean seeds were developing, freshly harvested, and weighed 0.1 to 0.3 g fresh weight each.
c Loblolly pine seedlings were 4-month old and the enzymes were extracted from root cambial zone tissues. no effect on the reaction. And substitutions for sucrose of glucose, fructose, maltose, or lactose at 50 mm all were ineffective. The reaction exhibited a pH optimum value near 7.0 to 7.3 (data not shown). The sucrose to Glu 1-P reaction increased with temperature up to near 50°C, as did UDPglucopyrophosphorylase, then both dropped sharply between 55 and 60°C (data not shown).
In this multienzyme sequence, the reactions traced in Figures 2 and 3 were linear with time. However, having conducted several hundreds of these assays, one sometimes has assays that show an initial lag versus time before obtaining linearity (3). As one might predict, when the activity ofsucrose synthase is very low, the production of UDP-glucose may perceptibly delay the sequence of reactions. The Sucrolysis to Triose-P The sucrose synthase pathway funnels both hexoses from sucrose cleavage toward hexose-P and potentially on through intermediary sugar metabolism. To test the flow of Fru 6-P through Fru 1,6-P2 and then to trioses, glycerol 3-P dehydrogenase and NADH were used as a coupling assay to convert dihydroxyacetone-P into glycerol 3-P. Figure 4 shows that a slow oxidation of NADH occurred without Fru 2,6-P2, but if Fru 2,6-P2 is added an increasing activation occurs. Since it is known that the NTP-PFK in plants is insensitive to Fru 2,6-P2, whereas the PPi-PFK can be activated (19, 22, 29) , we conclude that primarily the PPi-PFK is converting Fru 6-P to Fru 1,6-P2 in the assay demonstrated in Figure 4 . The formation oftriose-P, when activated by Fru 2,6-P2, is maximally activated at 1 to 2 ,uM Fru 2,6-P2 with a Km near 0.2 jAM (Fig.  5) . The pH optimum for the overall conversion of sucrose to triose-P is sharp, near pH 7.2 to 7.5 with a pronounced drop at pH values below 7.0 (data not shown). Thus, this overall conversion of sucrose to triose phosphate had a narrower pH range than the formation of Glu 1-P (data not shown).
Nucleotide Specificity of the Kinases Involved in Sucrolysis
In sucrose breakdown, either via the sucrose synthase pathway (Fig. 1) or via invertase, two or three nucleotide triphosphate-dependent kinases are required for hexose-P formation, namely, the PFK, fructokinase, and glucokinase. Earlier workers (9, 27) (Table  II) . We know, of course, that isoenzymes also are present in plants, so we set up our assays to favor the cytoplasmic forms, but isoenzymes will be topics of future reports. Other workers (6, 10) have reported similar Km values with other plants.
The fructokinase also is not selective in regard to NTPs (17, 26, 27) as shown in Table III with the potato tuber enzyme.
But the pine root glucokinase is rather specific for ATP (Table  III) . Similar results have been reported for fructokinase with cultured sycamore cell (17) , peas (26) , or corn kernels and for glucokinase with cultured sycamore cells (17) , peas (26) 
Stoichiometries of UDP and PPi in the Sucrose Synthase Pathway
To assist in establishing steps in the pathway diagrammed in Figure 1 , the consumption of either UDP or PPi was measured at limiting levels. Theoretically, for each sucrose molecule cleaved, stoichiometric amounts of UDP and PPi are consumed. With sucrose in excess and knowing that the assay for Glu 1-P was dependent upon UDP and PPi (Fig. 2) , it was reasoned that one could add small known amounts of either and measure NADH formation to test these stoichiometries. Also it is known that plant extracts may contain a pyrophosphatase that could compete for PPi and a UDPase that could compete for UDP; so these potentially competing enzymes were routinely measured.
To facilitate stoichiometric measurements we also used extracts which had unique enzyme contents derived from various plants. Results are given in Figures 6 and 7 from two such studies that were designed specifically to measure the NADH to UDP (Fig. 6 ) and the NADH to PPi (Fig. 7) stoichiometries using authentic amounts of either substrate. In the study to measure the NADH to UDP ratio, which was expected to be unity, a pine root cambial extract was used in which both the fructokinase and the PPi-PFK precipitated below 40% (NH2)2SO4. This we achieved by extracting a 40 to 70% (NH4)2SO4 precipitate which contained neither enzyme. The stoichiometries ranged from about 0.79 to 0.87, and the additional UDP could be accounted for by the UDPase activity in the extract. We conclude that we obtained or could account for the expected stoichiometric conversion of sucrose via the UDP-dependent sucrose synthase. Again, as in Figure 2 , the dependency upon UDP was readily shown (Fig. 6) .
To measure the NADH to PPi stoichiometry, a rapidly filling potato tuber extract was used. The NADH/PPi stoichiometries ranged from 0.39 to 0.75 but these extracts contained an active pyrophosphatase. When 25 mm NaF was included to partially inhibit pyrophosphatase activity, the ratios were from 0.74 to 0.87. The expected stoichiometry of unity was achieved by accounting for the pyrophosphatase action and the PPi-dependency at the UDP-glucopyrophosphorylase step of the sucrose synthase pathway also was evident in the steplike response to PPi additions (Fig. 7) .
Cycling of Undylates and PPi in the Sucrose Synthase Pathway As already cited, the cycling of uridylates was postulated to occur either by the NTP-dependent PFK (25) or by the NTPdependent fructokinase (17) . Evidence has been obtained for both postulations using enzyme extracts from certain plants. Figure 8 illustrates a study of UDP and PPi-dependent sucrolysis to form Glu 1-P using extracts from an actively filling potato tuber which contains about equal activities of fructokinase and PPi-PFK. There is, however, no practical chance of the NTP-PFK catalyzing this UTP utilizing/UDP producing reaction because in the assay all of the hexose-Ps are removed with excess Leuconostoc Glu 6-P dehydrogenase. In the presence of catalytic amounts of UDP the reaction continued linearly (Fig. 8) until the PPi was consumed; in the Figure 8 experiment, over 10 times more NADH was formed than the amount of UDP added. Thus, the experiment in Figure 8 was a demonstration of uridylate cycling via the sucrose synthase, UDP-glucopyrophosphorylase, and fructokinase as outlined in Figure 1 and postulated by Huber and Akazawa (17) .
Technically, uridylate cycling by the NTP-dependent PFK was more difficult to demonstrate with these plant extracts because UDP must not be produced via NTP-fructokinase and the PPi-PFK must not be present since it readily converts Fru 6-P to Fru 1,6-P2 using the PPi needed by UDP-glucopyrophosphorylase. We in converting sucrose + UDP + PPi to Glu 1-P could be made from pine roots which lacked the PPi-PFK and NTP-fructokinase but which had excellent NTP-PFK activity (see Table   II ). Such a preparation was made with a 40 to 70% (NH4)2SO4 precipitated fraction, and the reaction mixture was supplemented with Fru 6-P to keep Fru 6-P in excess. The assay was set up to measure Fru 1,6-P2 production by coupling to NADH oxidation by glycerol-3-P dehydrogenase. Figure 9 presents the controls in showing that the PPi-PFK was nearly absent and Fru 2,6-P2 had no influence on the slow reaction (two top curves in Fig. 9 ). In the other control, addition of substrate quantities of UDP ± Fru 2,6-P2 resulted in a rapid reaction that went to completion (lower curve in Fig. 9 ). Then when a catalytic amount of UDP was tested (middle curves of Fig. 9 ), much more, 10-fold or more in various studies, NADH was oxidized than UDP added. The reaction only could proceed with the continuous generation of UDP by the NTP-PFK. This experiment also was totally dependent upon PPi and insensitive to Fru 2,6-P2. Thus, the cycling of uridylates by sucrose synthase, UDP-glucopyrophosphorylase, and NTP-PFK was demonstrated in these studies upon the addition of limiting amounts of UDP.
In a broader sense it is also concluded that either the NTP-PFK ( Fig. 9 ; Table II) or the NTP-fructokinase ( Fig. 8 ; Table  III) can cycle the UTP to UDP to support the sucrolysis reactions diagrammed in Figure 1 . A number of higher plants have now been studied and both enzymes are found in many of them. We also have found, in tissues such as developing limabean seeds (31) , that the fructokinase is an adaptive enzyme while the NTP-PFK is a maintenance-type enzyme (1, 24, 31) . However, tissues of some plants, e.g. pine root cambial tissues, do have very high NTP-PFK activity for reasons yet to be examined.
Finally, a strong attempt was made consistently to demonstrate PPi cycling. While some experiments worked, others did not; most of the problem lies with the active pyrophosphatase, which effectively consumed catalytic amounts of PPi (note discussion about Fig. 7 also) . Thus, a clear demonstration of PPi cycling remains to be performed.
Functions of the Sucrose Synthase Pathway
In investigating the roles of two cytoplasmic PFK activities in plants it was realized that the PPi-PFK was much more (5, 22) . Also the NTP-PFK tended to have a much narrower range of maximum activity, which was termed maintenance, and often less than or equal to the PPi-PFK activity (1, 22) . From the literature, one also can find general agreement that sucrose synthase is more active in plant sinks than in sources, i.e. it is quite active in biosynthetic tissues (7-9, 11, 12, 16, 20) . Therefore, we studied these enzymes and the breakdown of sucrose through the sucrose synthase pathway (Fig. 1) in different plant species. In Table IV , as examples, several tissues were used that are sucrose sinks or sources. All of the enzymes vary in maximum activities in various plant tissues. But sucrose synthase and PPi-PFK change markedly, which we postulate is because they function in the breakdown of imported sucrose within the sucrose synthase pathway. These data and others (24, 30, 31) also support the thesis that sucrose breakdown in some plant sinks is predominantly via the sucrose synthase pathway.
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